Abstract. The combined cyclic fatigue is computationally simulated by a judicious combination of three independent computational modules: composite mechanics, a multi-factor equation module (MFIM) and probabilistic algorithm (FPI). The inputs to each module are constituent material properties, processing variables, loading and environmental conditions and probabilistic variables. The composite fatigue is simulated by considering an inplane loaded-component in a structure which is subjected to fatigue because of cyclic loading. Typical results show that the low probability fatigue cycle is about 50 percent of the corresponding static value.
Introduction
Fatigue of composites has been the subject of several conferences, in particular, ASTM [1, 2, 3] . Fatigue is a cyclic load which starts at zero defect normally and then grows to the collapse of the structure. This is a general structural problem since all structures are subjected to cyclic loads of different frequencies. Mechanical parts are especially subjected to cyclic loads with high frequency and are designed with a fraction of their strengths to survive the normally high cycle fatigue. Designing with conventional metals designers usually refer to run-out stress-strain experimentally obtained curves that are in codes or in text books. Composites, on the other hand, do not have run-out curves. Even if they had, that would only be true for that specific composite laminate configuration with the specific amounts of constituents. The flexibility that composites offer in a design will be lost. The literature is devoid of a computational simulation method which can simulate combined fatigue accurately and quickly. This computer simulation method to be effective; it must include at least three independent modules: composite mechanics, which includes all aspects of composite mechanics from nano to micro to laminal, and includes the environmental effects [4] . The second module is the multi-factor interaction model (MFIM) which includes the effects of different factors in the response [5] . The third module is a probabilistic module (FPI) which performs the probabilistic evaluation on the response by knowing the different factors that influence the specific response [6] . The inputs to each model are: constituent material properties and environment loading conditions (ICAN); the individual factors that affect the specific property and their respective exponents; all the values for the inputs to ICAN and to MFIM, as well as the mean value and the scatter band of each participating variable. The outputs are specific laminate properties, specific response and cumulative distribution function, and probabilistic sensitivity factors. Typical results show that at the low probability the fatigue cycles are about 50 percent of their static values. The respective probabilistic sensitivities indicate the combined fatigue has the most deteriorating effects.
The objective of this paper, therefore, is to assemble such a computational simulation method for evaluating quickly and accurately the combined fatigue of a composite component in a structure which is subjected to cyclic loading.
Description of the Formal Approach
The formal approach to perform a computational simulation described in the introduction is represented by the following logic diagram: Note that some of the output of composite mechanics module is processed by the MFIM and the probabilistic modules; and some of the MFIM module is processed by the probabilistic module as well. The outputs of each module briefly is that (1) the composite mechanics produces all properties and other features that are required for the design; (2) the output of the MFIM module is the combined fatigue values corresponding to input; (3) the output of the probabilistic module are cumulative distribution function, probability density function, probabilistic sensitivity factors of the influence of all participating variables and specific numerical probabilities that were entered in the input data to the probabilistic simulation module.
Results and Discussion
The schematic below describes the combined stress cyclic fatigue investigated herein. Note that this situation arises from the fact that the component is internal to a global structure. The other point to note is the cyclic stresses are of equal magnitude. This is strictly for minimizing the output and consistent with the four page limitation. F c is the current fatigue value F o is a reference fatigue e xx is the exponent of the σ xxF factor e yy is the exponent of the yy fatigue factor e xy is the exponent of the inplane shear stress σ xyt fatigue factor. The product form is selected to bypass any correlation for cyclic load effects. The exponents are selected to be representative of the physical behavior of the combined fatigue cycle. For example, relative low values <1.0 represent "sudden death" functions while those closer to 1.0 represent relative low decrease of the function. It can be seen in Fig. 3 that the single cyclic stress has the highest value whereas the cyclic combined three stresses have the lowest value. Note that all values have approximately the same shape. They show low degradation rates at the beginning and rapid degradation as the fatigue life approaches exhaustion. The final values for each are (σ cxx ≈ 0.5), (σ cxx , σ cyy ≈ 0.2) and (σ cxx , σ cyy , σ cxy ≈ 0.1).
The fatigue curve shapes for the factors power 2.0 is shown in Fig. 4 . It can be seen in this figure the curves degrade much more rapidly early on. For example, the combined curve for the three stresses approach about 0.5 of the fatigue exhaustion curve. That for the two combined curves approaches 0.7 and the one for the single stress curve approaches 0.95. It is interesting to note that static value the three different curves differ by about 0.2 from single to double to triple. The cumulative distribution functions of these independent fatigue cycles are plotted in Fig. 5 . It can be seen that each function starts at some value at very low probability value and increases very rapidly to highest value approaching unity. There are two other points worthy of note in Fig. 5 . (1) is that the figures are relatively steep and (2) the slope decreases as the fatigue combination increases. The slope is a measure of the amount of scatter in the participating variables. The difference between each curve from the lowest probability to the highest is shown in the next figure where the probabilistic sensitivities are shown in Fig. 6 . There are several points of interest in this figure: (1) there is no difference between the individual fatigue bar in each group; (2) the scatter in the participating variables is about the same for all curves. This stands to reason because the panel is the same. The only difference is that each group of blocks represents the fatigue effect; (3) there is about 19 points difference between the single fatigue and the double fatigue and about 13 points between the double fatigue and the triple fatigue. Both of these differences indicate that the fatigue degradation or fatigue strength exhaustion depends mainly on the applied fatigue. This is more so after a fatigue curve for a single fatigue has been established. One conclusion of these results is that the equal biaxial fatigue will decrease the fatigue life by about 20% and equal triaxial fatigue will decrease the life of about 40%. 
Concluding Remarks
The research performed in computational simulation of combined fatigue life leads to the following concluding remarks: 1. An effective accurate and quick computational simulation can be assembled by judicious combinations of three independent stand alone modules: composite mechanics, multi-factor interaction model and a probabilistic algorithm. 2. The composite mechanics simulates all aspects of composite behavior. 3. The multi-factor interaction module of product form simulates single, double and triple combined fatigue. 4. The probabilistic model evaluates the uncertainties in the participating variables in terms of cumulative distribution function and probabilistic sensitivities. 5. The cumulative distribution function evaluates the combined fatigue in terms of probability levels from lowest to highest. 6. The probabilistic sensitivities provide information of the importance of each factor in the probability evaluation. 7. It is found that the combined fatigue degrades the fatigue life to about 50% of the static value. 8. The combined fatigue life exhaustion is much faster than the double or single fatigue. 9. The cumulative distribution function of the three fatigue types is relatively steep. 10. The probabilistic sensitivities indicate the rate of life exhaustion is about 20% faster in the case of double fatigue and about 40% faster in the case of triple fatigue. 11. The MFIM generates a sufficient number of combined fatigue curves to match any physically obtained fatigue curve.
